The nature and enzymic properties of starch-branching enzyme (SBE) are two of the dominant factors influencing the fine structure of starch. To understand the role of this enzyme's activity in the formation of starch in kidney bean (Phaseolus ulgaris L.), a study was undertaken to identify the major SBE sequences expressed during seed development and to characterize the enzymic properties of the coded recombinant enzymes. Two SBE cDNA species (designated p sbe2 and p sbe1) that displayed significant similarity (more than 70 %) to other family A and B SBEs respectively were isolated. Northern blot analysis revealed that p sbe1 and p sbe2 were differentially expressed during seed development. p sbe2 showed maximum steady-state transcript levels at the mid-stage of seed maturation, whereas p sbe1 reached peak levels at a later stage. Western blot analysis with antisera raised against both recombinant proteins (rPvSBE1 and rPvSBE2) showed that these two SBEs were located in different
INTRODUCTION
Starch is a water-insoluble granule consisting of crystalline and amorphous regions. It is predominantly composed of two α-glucan types, amylose and amylopectin. Amylose is essentially a linear form composed of α-1,4-glucosidic linkages with rare (0.3-0.7 %) α-1,6 branched points. Amylopectin has a much larger degree of polymerization (dp) in the range 50 000-500 000, is highly branched (4-5 %) and has average chain lengths of 20-25 glucose residues [1] . Amylopectin is responsible for the crystalline structure of the starch granule [2] .
Starches from different plants show different degrees of branching and distribution lengths. The enzyme responsible for the formation of the α-1,6 branch points is starch-branching enzyme [SBE ; 1,4-α--glucan : 1,4-α--glucan 6-α--(1,4-α--glucano)-transferase, EC 2.4. 1.18] . SBE exists as multiple isoforms whose enzymic and physical properties are probably an important factor in determining amylopectin structure. However, the SBEs alone are not sufficient to dictate starch structure. Heterologous expression of the maize branching enzymes I and II (BEI and BEII) in branching-enzyme-deficient Escherichia coli resulted in the formation of a polymer with a structure greatly Abbreviations used : dp, degree of polymerization ; BEI and BEII, maize branching enzymes I and II ; DTT, dithiothreitol ; HPAEC-PAD, highperformance anion-exchange chromatography-pulsed amperometric detector ; PvSBE, kidney bean (Phaseolus vulgaris L.) SBE ; rPvSBE, recombinant PvSBE ; SBE, starch-branching enzyme. 1 These authors contributed equally to this work. 2 Present address : Faculty of Engineering, Shinsyu University, 500 Wakasato, Nagano 380-8553, Japan. 3 To whom correspondence should be addressed (e-mail otih!chem.agr.hokudai.ac.jp).
The nucleotide sequence data reported will appear in DDBJ, EMBL and GenBank2 Nucleotide Sequence Databases under the accession numbers AB029548 (pvsbe2) and AB029549 (pvsbe1). The cDNA species pvsbe2 and pvsbe1 correspond to kbe1 and kbe3 on the databases.
amyloplast fractions of developing seeds of kidney bean. PvSBE2 was present in the soluble fraction, whereas PvSBE1 was associated with the starch granule fraction. The differences in location suggest that these two SBE isoenzymes have different roles in amylopectin synthesis in kidney bean seeds. rPvSBE1 and rPvSBE2 were purified from Escherichia coli and their kinetic properties were determined. The affinity of rPvSBE2 for amylose (K m 1.27 mg\ml) was lower than that of rPvSBE1 (0.46 mg\ml). The activity of rPvSBE2 was stimulated more than 3-fold in the presence of 0.3 M citrate, whereas rPvSBE1 activity was not affected. The implications of the enzymic properties and the distribution of SBEs and amylopectin structure are discussed.
Key words : amylopectin chain length, Phaseolus ulgaris, stimulation with citrate, starch biosynthesis. different from that of amylopectin [3] . Similar observations were made when different combinations of maize starch synthases and SBEs were co-expressed in bacterial cells [4] . These observations in E. coli indicate that the function of starch synthase and SBE is essential for amylopectin biosynthesis but that other factors are also required for the formation of semicrystalline amylopectin [5] [6] [7] .
A sequence comparison of SBEs from different plants indicates that they can be classified into two families, A and B. Family A SBEs show a lower affinity for amylose and preferentially transfer shorter chains than do SBEs of family B [8] . The SBE gene families also show different temporal patterns during endosperm or seed development. In most instances, family A and B SBE transcripts accumulate in the middle and late stages respectively of seed development [9] [10] [11] [12] . Thus multiple forms of SBE with different temporal expression patterns might be an important factor in the synthesis of variegated amylopectin with chains of different lengths and branch points.
Mutants lacking an SBE isoform have been identified in maize [13] [14] [15] and rice [16] . These ae (amylose-extender) mutations correspond to the rugosus (r) gene, which confers a wrinkled phenotype in pea seeds (first described by Gregor Mendel) [17] .
The ae and r genes encode family A SBEs and their absence results in the accumulation of higher proportions of amylose and loosely branched polysaccharides. Similar results have also been observed in transgenic potato plants with decreased family A SBE activity [18] . No mutants of family B SBE have yet been reported. However, in transgenic potato expressing an anti-sense family B SBE, the transcripts and proteins were markedly decreased but no significant changes in amylose content and amylopectin structure were evident [19] .
In our previous study [20] we reported the purification and properties of two SBE isoforms, PvSBE2 and PvSBE2-1, from the soluble fractions of kidney bean (Phaseolus ulgaris L.) seeds (in accordance with the nomenclature of SBEs [21] , KBE1 and KBE2 in the original manuscript are here renamed PvSBE2 and PvSBE2-1 respectively). The two SBE isoforms, which had identical N-terminal amino acid sequences, displayed enzymic properties characteristic of family A SBEs. A comparison of N-terminal sequences of PvSBE2 with those of other plant SBEs revealed that PvSBE2 is shorter by approx. 100 amino acid residues. Although isoforms corresponding to family B SBEs have been purified from the soluble fractions of maize [22] , rice [23] , pea [24] and barley [25] seeds, a comparable form has not been detected in kidney bean seeds. Similarly, only one major SBE activity has been found in potato, although a second minor form has been detected [18, 26] . The aim in the present study was to determine the basis for the shorter N-terminus of PvSBE2 and to elucidate the occurrence of family B isoform(s) in developing kidney bean seeds. Here we describe the isolation and expression of cDNA clones encoding A and B family SBEs. The two SBEs possess different catalytic properties and substrate preferences and are expressed at different stages of seed development. Unlike the SBEs from pea embryos, the two SBEs of kidney bean seeds are localized in different compartments of the amyloplast. Hence the unique branching properties of kidney bean starch are not only due to the unique catalytic properties of the SBE isoforms but are also a product of differences in gene expression at the RNA and in intracellular locations.
MATERIALS AND METHODS

Plant materials
Kidney bean (Phaseolus ulgaris L., cv. Toramame) plants were grown in a field at Hokkaido University (Japan). The developing seeds were harvested at several stages of development and stored in liquid nitrogen until use. 
Protein sequences
Native PvSBE2 protein was purified from immature seeds (10-14 mm) as described previously [20] . The digestion of enzyme with lysyl endopeptidase, separation of the peptides and sequencing of some peptides were performed as reported previously [27] . The N-terminal sequences of purified recombinant PvSBE isoforms (rPvSBE1 and rPvSBE2) and PvSBE1 protein identified in the starch granule fraction were determined with a protein sequencer after the polypeptides had been transferred to a PVDF membrane [28] from an SDS\PAGE gel.
Oligonucleotides
The oligonucleotides used in this study are listed in Table 1 .
RNA isolation and reverse-transcriptase-mediated PCR
Total RNA was isolated from developing kidney bean seeds, leaves, stems and roots by the standard phenol\SDS method [29] . Poly(A) + RNA was prepared from total RNA of the immature seeds (10-14 mm) with an oligo(dT)-cellulose column [30] . Reverse-transcriptase-mediated PCR for the preparation of each probe was performed with an RNA LA-PCR kit (Takara Shuzo) and oligonucleotide primers as described in the Results section. PCR products were cloned into pBluescript II SK(j) (Stratagene Cloning Systems, La Jolla, CA, U.S.A.) and sequenced on both strands with a Li-Cor 4000 automated DNA sequencer (Aloka, Tokyo, Japan).
Construction and screening of cDNA library
Double-stranded cDNA was synthesized by oligo(dT) priming from poly(A) + RNA prepared from developing seeds (10-14 mm) with a cDNA synthesis kit (Amersham-Pharmacia Biotech, Tokyo, Japan). The synthesized cDNA was ligated to EcoRI-NotI-BamHI adaptors (5h-AATTCGGCGGCCGCGG-ATCC-3h and 5h-GGATCCGCGGCCGCCG-3h) and then inserted into the EcoRI site of the λgt10 phage vector (Stratagene). The recombinant DNA species were packaged into bacteriophage particles with a Gigapack Gold III packaging kit (Stratagene). Each probe for screening of the library was prepared Starch-branching enzymes from kidney bean from cloned PCR fragments and labelled with a digoxigenin DNA-labelling kit (Boehringer Mannheim, Germany).
The phage plaques of the cDNA library were transferred to duplicate nylon membranes (Hybond N + ; Amersham). The membranes were treated with the digoxigenin-labelled probe in the standard hybridization buffer (Boehringer) at 60 mC for 16 h. They were rinsed twice with 2iSSC\0.1 % SDS at room temperature for 5 min each, then twice with 0.1iSSC\0.1 % SDS at 68 mC for 15 min each. Detection of the signal was performed with a digoxigenin luminescent detection kit in accordance with the instructions of the supplier (Boehringer). The cDNA inserts of the positive clones were subcloned into pBluescript II SK(j) after digestion of the purified phage DNA species with NotI. The plasmids carrying the p sbe1 and p sbe2 cDNA species were named pBS-PvSbe1 and pBS-PvSbe2 respectively.
Northern blot analysis
Total RNA (15 µg) isolated from developing seeds at different stages was fractionated on a formaldehyde\1 % (w\v) agarose gel and transferred to a nylon membrane. The probes were prepared by PCR with a digoxigenin-dNTP labelling mixture (Boehringer), the SBE2-sense and SBE2-K24 primers and the cDNA clone as a template. The membrane was incubated with the digoxigenin-labelled probe in standard buffer containing 50 % (v\v) formamide (Boehringer) at 50 mC for 16 h. Membrane washing and detection of the signal were performed as described in the previous section.
Expression in E. coli cells
Plasmids for the expression of p sbe2 and p sbe1 cDNA species in E. coli cells were constructed as follows ( Figure 1 ).
pET-PvSbe2
The NcoI\KpnI-1a fragment was prepared from a PCR-amplified DNA by using the Exp-2 and SBE2-A primers and pBS-PvSbe2 as template. The fragment was cloned with the KpnI\SacI-2b fragment from pBS-PvSbe2 plasmid into the NcoI\SacI sites of pET23d(j) (Novagen, Madison, WI, U.S.A.) ; the resulting plasmid was termed pET-PvSbe2.
pET-PvSbe1
The NcoI\HindIII-1a fragment was made from PCR products by using the Exp-1 and SBE1-A primers and pBS-PvSbe1 as a template. This fragment, together with the HindIII\EcoRI-1b fragment from pBS-PvSbe1, was inserted into the NcoI\EcoRI sites of pET-23d(j) to construct plasmid pET-PvSbe1. E. coli BL21 (DE3) strain (Novagen) was transformed with plasmid pET-PvSbe2 or pET-PvSbe1 and the transformants were designated E. coli-PvSBE2 and E. coli-PvSBE1 respectively.
Assay of SBE activity
SBE activity was determined by the following three methods. The iodine-staining assay (assay I) was performed as described by Boyer and Preiss [31] , which monitors the decrease in A ''! for amylose (potato amylose type III ; Sigma) as a substrate or in A &%! for amylopectin (potato amylopectin ; Sigma) in the presence of iodine solution. One unit of enzyme activity was defined as the amount of enzyme yielding a decrease in A ''! or A &%! of 0.1 per minute at 30 mC.
The phosphorylase a stimulation assay (assay P) was also performed by the method of Boyer and Preiss [31] . One unit of enzyme activity was defined as the amount of enzyme incorporating 1 µmol of glucose into the methanol precipitate per minute at 30 mC.
To determine the number of branching points introduced by SBE, the branching linkage assay (assay BL) was performed by the methods of Takeda et al. [8] , with reduced amylose as a substrate. One unit of enzyme activity was defined as the amount of enzyme forming 1 µmol of branch linkages per minute at 30 mC. 
Purification of recombinant proteins
The recombinant proteins in the purification steps were monitored with assay I. Activity staining on the native electrophoresis gel [32] was also employed to distinguish the recombinant SBEs from endogenous glycogen-branching enzyme (glgB gene product) and amylose-degrading enzymes in E. coli. Cells were grown in 1.2 litres of Luria-Bertani medium containing 100 mg\l ampicillin at 25 mC for E. coli-PvSBE2 and at 16 mC for E. coli-PvSBE1. Cells were then induced with 0.5 mM isopropyl β--thiogalactoside (final concentration) at 25 mC for 27 h for PvSBE2 or 16 mC for 65 h for PvSBE1 when the D '!! of the culture had reached 1.0. The cells were harvested by centrifugation and ruptured by passing the cell suspension through a French press (Ohtake Works, Tokyo, Japan) in 20 mM Tris\HCl buffer, pH 7.5, containing 50 mM NaCl, 1 mM EDTA and 1 mM dithiothreitol (DTT). After centrifugation, the supernatant (crude extract) was dialysed against buffer A [20 mM Tris\HCl (pH 7.5)\1 mM EDTA\1 mM DTT] and then subjected to enzyme purification as follows.
Purification of rPvSBE2
The dialysed crude extract was passed through a DEAESepharose CL-6B column (2.0 cmi11.5 cm) equilibrated with buffer A. The column was washed with buffer A followed by elution with a gradient of 0-0.4 M NaCl. The active fractions were pooled, concentrated and fractionated on a Bio-Gel P-200 column (2.9 cmi71 cm) equilibrated with buffer A containing 0.1 M NaCl. The active fractions were dialysed against 5 mM sodium phosphate buffer, pH 8.0, containing 1 mM EDTA and 1 mM DTT, then resolved on a column (1.3 cmi8.0 cm) of Gigapite equilibrated with the same buffer. The enzyme solution was eluted with a 5-200 mM linear gradient of sodium phosphate buffer. Starch-branching enzymes from kidney bean Table 1 ). The circled highlighted residues denote the N-termini of mature PvSBE2 and PvSBE1, and the boxed highlighted amino acids indicate four conserved regions of the α-amylase family. The double underlining shows putative polyadenylation sequences.
Purification of rPvSBE1
The dialysed crude extract was fractionated on a DEAESepharose CL-6B column and subsequent Bio-Gel P-200 column as described for rPvSBE2. The active fractions were dialysed against buffer B [20 mM Tris\HCl (pH 6.8)\0.1 M NaCl\1 mM EDTA\1 mM DTT] and then passed through a second DEAESepharose CL-6B column (1.1 cmi78 cm) equilibrated in the same buffer. Enzyme was eluted with a linear gradient of buffer B (0.1-0.3 M NaCl). The active fractions were dialysed against buffer A containing 0.1 M NaCl and then purified on a DEAEcellulose column (1.1 cmi50 cm) with a linear gradient of 0.1-0.3 M NaCl in buffer A.
The purity of the enzymes was determined by SDS\PAGE [8 % (w\v) gel] followed by staining with Coomassie Brilliant Blue [33] .
Immunoblot analysis
Approximately 2 mg each of purified rPvSBE1 and rPvSBE2 were dialysed against 0.15 M NaCl solution. The enzyme solution was emulsified with an equal volume of Freund's incomplete adjuvant (Difco Laboratories) and then injected subcutaneously into a rabbit three times at 1 week intervals. Approximately 1 mg of antigen was used for the first injection and half of this amount in the next two injections. Antiserum was collected 1 week after the final injection.
Proteins of soluble or granule fraction were separated by SDS\PAGE and then transferred to nitrocellulose membranes. Membranes were blocked for 1 h in blocking solution oTBST [20 mM Tris\HCl (pH 7.5)\150 mM NaCl\0.1 % (v\v) Tween 20] containing 5 % (w\v) dried skimmed milkq, then incubated at room temperature for 1 h in blocking solution containing primary antibodies against rPvSBE1 or rPvSBE2. After four washings in TBST, the membranes were incubated with alkalinephosphatase-conjugated goat anti-rabbit secondary antibodies at 1 : 500 dilution in blocking solution. After removal of the primary antibodies, signals were detected by reaction with 5-bromo-4-chloroindol-3-yl phosphate and 4-Nitro Blue Tetrazolium.
Preparation of soluble and granule fractions from kidney bean embryos
Starch granules were extracted from developing seeds of kidney bean as described by Smith [34] , except that starch granules were left to sediment under gravity at room temperature for 1 h. The starch granule fraction was prepared as described by Ba/ ga et al. [35] . Soluble fraction was obtained by centrifugation of the homogenate. Developing seeds sized 4-8, 10-12 and 14-16 mm were selected as small, medium-sized and large seeds respectively.
Enzymic properties
The optimum pH, pH stability and temperature stability of the purified rPvSBE1 and rPvSBE2 were examined as described previously [20] . The effect of citrate on both enzymes was also measured as described previously [20] .
Analysis of reaction products and amylopectin structure of developing seeds
The preparation of debranched α-glucan from amylopectin and the analysis of chain-length distribution were performed by the method of Hanashiro et al. [36] . The chain transfer patterns of SBEs were determined as follows. Reduced amylose was incubated in 500 µl of 25 mM Mops (pH 7.5) at 30 mC with 1 m-unit (determined by assay BL) of rPvSBE1 or rPvSBE2. After reaction for 0.5 and 4 h, the samples were boiled for 1.5 min to inactivate the enzyme, then debranched by incubation with isoamylase (0.3 unit) in 0.1 M sodium acetate buffer, pH 3.5, for 2.5 h at 45 mC. The debranching reaction was terminated by boiling the reaction mixture for 3 min. Distribution of transferred chain length was analysed with a high-performance anion-exchange chromatography-pulsed amperometric detector (HPAEC-PAD) by the method of Tomlinson et al. [37] .
RESULTS
Partial amino acid sequences of native PvSBE2
We had previously described the purification and characterization of family A SBE (PvSBE2) from developing seeds of kidney bean [20] . The purified enzyme was digested with lysyl endopeptidase and resulting peptides were separated by reversephase HPLC. Nine peptides were recovered and subjected to amino acid sequencing. The primary sequences generated (dashed underlined sequences in Figure 2A ) of these peptides were used as a basis for the design of primers for molecular cloning of the corresponding gene sequences.
Isolation of cDNA clones and protein characteristics
To isolate a cDNA clone for PvSBE2, poly(A) + RNA was obtained from mid-stage developing kidney beans and reverse transcribed. The single-stranded cDNA mixture was then used as a template for PCR with a 5h primer covering the mature Nterminal amino acid sequences (SBE2-N) and a downstream 3h anchor primer. A 3 kb DNA product was generated that was subjected to a series of second (nested) amplification reactions with the primer combinations of SBE2-N and SBE2-K24, SBE2-sense and SBE2-K24, and SBE2-K23 and anchor (see Figure 2) . The DNA sequences of the amplified PCR products, with the apparent exception of one product, showed significant similarity to other reported plant SBEs of the family A type. The cDNA amplified with SBE2-sense and SBE2-K24 primers had DNA sequences that differed significantly from family A SBEs. The clone containing this unique DNA fragment was named p sbe1 ; two unique primers, GSP1 and GSP2, specific for p sbe1 were synthesized and employed with a downstream anti-sense primer to amplify the 3h cDNA sequences. Amplified cDNA products were then used to screen a cDNA library containing mRNA sequences from developing kidney bean seeds.
Multiple rounds of screening of the cDNA library resulted in the isolation of six p sbe2 clones and five p sbe1 clones. Restriction enzyme analysis indicated that all of the p sbe2 or p sbe1 phage DNA species had almost identical physical restriction maps (Figure 1 ). Plasmids containing the longest cDNA insert were named pBS-PvSbe2 and pBS-PvSbe1 and were subjected to further analysis. The isolated p sbe2 clone was 3360 bp in length and the p sbe1 clone was 2732 bp, with coding regions of 2613 and 2544 bp respectively. The coding regions corresponded to 870 and 847 amino acid residues with predicted molecular masses of 98.8 kDa (PvSBE2) and 96.3 kDa (PvSBE1). The N-terminus of PvSBE2 identified by protein sequencing was present at residue 157, suggesting that PvSBE2 is synthesized as a preprotein with a plastid signal leader sequence of 156 residues. Because native PvSBE1 has never been identified in kidney bean seeds, the mature N-terminus of PvSBE1 could not be determined. It was predicted, on the basis of homology with other SBEs (see below), that PvSBE1 is synthesized as a proprotein with a signal sequence of 70 residues (see also the section Distribution of PvSBE2 and PvSBE1). mRNA species corresponding to both clones have the typical polyadenylation signals of eukaryotic mRNA, namely AAUAAA [38] . The sequences were located at positions 3263 and 3293 in p sbe2 mRNA and 2688 in p sbe1 mRNA (Figure 2 ).
Both primary sequences had significant similarity to other plant SBEs (Figure 3) . The PvSBE2 protein sequence showed significant sequence identity (70-80 %) with those of the family A members, and much lower similarity (40-50 %) to PvSBE1 and members of family B SBEs. PvSBE1 protein showed substantial similarity to family B members and much lower similarity to family A members. On the basis of sequence comparisons alone, PvSBE2 is a family A SBE and PvSBE1 is of family B type.
Differential expression of pvsbe2 and pvsbe1
The expression profiles of p sbe2 and p sbe1 were investigated by Northern blot analysis using total RNA species from immature seeds at eight developmental stages and also from leaves, stems and roots (Figure 4) . The temporal steady-state levels for these SBE RNA species were different during seed development. The accumulation of p sbe2 mRNA was highest at the mid-stage of seed development, whereas p sbe1 transcripts attained their maximum levels at the middle to late stages. Both transcripts were also detected in leaves and stems, indicating that both p sbe1 and p sbe2 gene products or closely related species Starch-branching enzymes from kidney bean
Figure 3 Phylogenetic tree of plant SBEs
Alignment of the sequences was created with the CLUSTAL W program and used to construct a phylogenetic tree. The sequences of both family members were obtained from the GenBank2/EMBL/DDBJ databases : pea BEI (X80009), Arabidopsis SBE2.1 (AJ000497), Arabidopsis SBE2.2 (AL162506), barley SBEIIa (AF064560), barley BEIIb (AF064561), maize BEIIa (U65948), maize BEIIb (AF072725), potato SBE-A (AJ011888), rice RBE3 (D16201), rice RBE4 (AB023498), wheat SBEIIa (Y11282), maize BEI (U17897), pea BEII (X80010), potato SBE-B (Y08786), rice RBE1 (D11082) and wheat BEI (AJ237897).
Figure 4 Differential accumulation of pvsbe2 and pvsbe1 mRNA species during seed development
Each lane was loaded with 15 µg of total RNA isolated from each tissue. The numbers along the top show the size of the developing seeds in millimetres. Ma, L, S and R indicate mature developing seeds, leaves, stems and roots respectively. The molecular sizes of the signals for pvsbe2 and pvsbe1 RNA species were approx. 3.5 and 3 kb respectively. participated in the biosynthesis not only of storage starch but also of transitory starch.
Distribution of PvSBE2 and PvSBE1
For identifying native PvSBE2 and PvSBE1 proteins in developing seeds, Western blot analysis was performed with specific antisera against rPvSBE2 and rPvSBE1. Immunoblot analysis of developing seed extracts showed that anti-PvSBE2 reacted with a polypeptide band of approx. 82 kDa, whereas anti-PvSBE1 recognized a band at approx. 100 kDa ( Figure 5 ). The sizes of the reacting polypeptides are identical with that predicted for the mature PvSBE2 but not for the mature PvSBE1 polypeptide (results not shown). The molecular mass of rPvSBE1 estimated by SDS\PAGE ( Figure 5A ) was significantly larger than that predicted from the sequence. A similar situation has also been observed for the pea SBEII protein [9, 24] . It has been suggested that the high concentration of negative charges of pea SBEII causes an abnormal electrophoretic behaviour on SDS\PAGE. Considering the close primary sequence similarity between PvSBE1 and pea SBEII including the high net negative charge character of the mature polypeptide, the electrophoretic behaviour of PvSBE1 is likely to be inconsistent with its actual molecular mass.
Figure 5 SDS/PAGE of purified rPvSBE2 and rPvSBE1 (A) and Western blot analysis of each fraction of developing seeds (B, C)
To determine the intracellular location of these SBEs, soluble and starch granule fractions were prepared from developing kidney bean seeds. When these fractions were analysed by immunoblotting, PvSBE2 protein was detected mainly in the soluble fractions during all phases of development, whereas PvSBE1 protein was found in only the starch granule fraction in the middle to late stages of seed development. The temporal accumulation of these proteins during seed development paralleled the gene expression pattern (Figure 4 ). To verify that the cross-reacting polypeptide band in the granule fraction was PvSBE1, the protein band was transferred to a PVDF membrane from the SDS\polyacrylamide gel and then subjected to amino acid sequencing. The resulting N-terminal amino acid sequence of the granule protein was VMTDDK and was identical with those predicted for the mature N-terminus of the product encoded by p sbe1.
Expression of rPvSBE2 and rPvSBE1 in E. coli and purification
To investigate the enzymic properties of PvSBE2 and PvSBE1, recombinant proteins were obtained by expression in E. coli. The optimum conditions of temperature and culture duration were examined in E. coli-PvSBE2 and E. coli-PvSBE1 cell cultures (results not shown). The maximum activities for the recombinant E. coli-PvSBE2 and E. coli-PvSBE1 cultures were 8.3 units\ml for 27 h at 25 mC and 2.8 units\ml for 65 h at 16 mC respectively. In contrast, under the same conditions, control cell cultures showed lower activities, approx. 0.35 unit\ml, corresponding to the endogenous branching-enzyme activity from the glgB gene product. SDS\PAGE analysis showed that most (more than 80 %) of the recombinant branching enzyme was found in inclusion bodies.
Although the bulk of the expressed PvSBE2 and PvSBE1 was insoluble, sufficient activity was present in the soluble phase for protein purification ( Table 2 ). The final enzyme preparations contained 16 mg of rPvSBE2 and 0.45 mg of rPvSBE1, with specific activities of 214 and 254 units\mg respectively, using amylose as a substrate. The specific activity of rPvSBE2 was close to that obtained for native PvSBE2 [20] . Purified rPvSBE2 and rPvSBE1 migrated as a single polypeptide band on SDS\ polyacrylamide gels ( Figure 5A ). The N-terminal sequences of purified rPvSBE2 and rPvSBE1 were determined and the expected sequences were obtained.
Table 3 Properties of rPvSBE2 and rPvSBE1
The molecular masses of rPvSBE2 and rPvSBE1 were predicted from the deduced amino acid sequences and estimated from SDS/PAGE. Optimum pH is the pH at which there was maximum activity under the conditions described in the Materials and methods section. pH stability is defined as the pH range over which more than 95 % of the residual activity remained after being treated as described in the Materials and methods section. Thermal stability is the temperature limit within which more than 95 % of the original activity remained after being treated as described in the Materials and methods section. 
Enzymic properties of rPvSBE2 and rPvSBE1
The enzymic properties of purified rPvSBE2 and rPvSBE1 are summarized in Table 3 . Both enzymes were active at approx. pH 7.0 at 30 mC. More than 90 % of the original activity remained after incubation at 4 mC for 16 h between pH 7.0 and 9.0 for rPvSBE2 and between pH 7.0 and 8.5 for rPvSBE1. Almost no inactivation occurred when the enzymes were kept at pH 8.0 for 15 min at up to 50 mC for rPvSBE2 and up to 40 mC for rPvSBE1. When amylose and amylopectin were used as substrates in assay I, the specific activities were 214 and 91 units\mg respectively for rPvSBE2, and 254 and 20 units\mg respectively for rPvSBE1. The ratios of activity towards amylose and amylopectin as substrates were 2.35 : 1 for rPvSBE2 and 12.7 : 1 for rPvSBE1, indicating that rPvSBE2 prefers amylopectin over amylose in comparison with rPvSBE1. The linear substrate in assay P was much shorter than that in assay I because α-glucans synthesized by phosphorylase a are relatively short, showing a chain-length distribution peak at dp 33 [39] . The ratios of specific activities obtained with assay I (amylose) to assay P were 0.26 for rPvSBE2 and 0.87 for rPvSBE1, suggesting that rPvSBE1 preferentially transfers longer chains than rPvSBE2. The Lineweaver-Burk plots of the reaction catalysed by rPvSBE2 and Starch-branching enzymes from kidney bean 
Figure 7 Chain-length distributions of reaction products by rPvSBE2 (A-C) and rPvSBE1 (D-F)
All reaction products with amylose as a substrate were analysed by HPAEC-PAD after digestion with isoamylase. (A, B) Chain-length distributions of the 0.5 h (A) and 4 h (B) reaction products of rPvSBE2. (D, E) Chain-length distributions of the 0.5 h (D) and 4 h (E) reaction products of rPvSBE1. The solid bars denote the percentage area of dp 6 glucose units. (C, F) Differences in percentage area between 0.5 h and 4 h products of rPvSBE2 (C) and rPvSBE1 (F). rPvSBE1 yielded K m values for amylose of 1.27 and 0.46 mg\ml respectively. These results indicate that the affinity of rPvSBE1 for amylose was approx. 3-fold that of rPvSBE2.
Citrate has been used for the activation and stabilization of plant SBEs. The activity of native PvSBE2 in the presence of 0.3 M citrate increased more than 3-fold. The dose dependence of rPvSBE2 activity on citrate ( Figure 6A ) was the same as that of native PvSBE2 [20] . The activation by citrate was noncompetitive ( Figure 6B ), suggesting that citrate had no influence on the binding between enzyme and substrate. Unlike rPvSBE2, a high concentration of citrate inhibited rPvSBE1 activity ( Figure  6A ).
Figure 8 Starch amounts and chain-length distributions of amylopectins isolated from developing seeds of kidney bean
(A) Starch types were isolated from approx. 20 g of small (4-8 mm), medium-sized (middle ; 10-12 mm), large (14-16 mm) and mature seeds. (B-E) The chain-length distribution of each amylopectin was determined by a HPAEC-PAD after digestion with isoamylase. The solid bars denote the percentage area of dp 6 glucose units.
Analysis of reaction products and amylopectin structure
The chain-length distribution pattern of debranched products was analysed by HPAEC-PAD after incubation of rPvSBE2 or rPvSBE1 with reduced amylose (AS-320) followed by isoamylase treatment to generate branched chains (Figure 7) . The general chain-length distribution pattern generated by rPvSBE2 was similar to that generated by maize BEII [40, 41] . rPvSBE2 preferentially transferred short chains of dp 6 ( Figures 7A and  7B) . The chain-length distribution pattern produced by rPvSBE1 was also similar to that obtained by maize BEI [40, 41] except that rPvSBE1 preferentially transferred chains of dp 6 in the early branching reaction (Figures 7D and 7E) . Such preferential transfer of dp 6 has never been observed in the reaction products generated by maize BEI [40, 41] . Overall, the transferred products generated in itro by rPvSBE2 were predominantly short chains ( Figure 7C ; dp 6-12), whereas rPvSBE1 transferred a much broader distribution of chain lengths ( Figure 7F ; dp .
To investigate whether the characteristics of chains transferred by SBEs in itro influenced starch structure, the distribution of branched chain lengths from starches of developing seeds was analysed (Figure 8 ). The amounts of starch isolated increased during seed development ( Figure 8A ) but there was almost no difference in the chain-length distribution patterns, indicating that amylopectin synthesis was a uniform process at every stage of seed development (Figures 8B-8E ). Although the chain-length distribution in amylopectin of kidney bean seeds was similar to those in other plants [36] , it contained a relatively large quantity of dp 6 branch chains, a pattern not evident in starches from maize and rice endosperms.
DISCUSSION
The present study shows that developing kidney bean seeds contain two different SBE isoforms, PvSBE2 and PvSBE1, with distinct enzymic properties. rPvSBE1 had a higher affinity for amylose and preferentially transferred longer glucan chains than rPvSBE2. Our results also showed that citrate stimulates rPvSBE2 activity 3.3-fold but has little influence on rPvSBE1 activity. These enzymic properties, together with the primary sequences and accumulation patterns of transcripts of PvSBE2 and PvSBE1, are typical of the properties displayed by members of families A and B respectively of SBEs (Figure 3) . One unique finding from our studies is that the SBEs of developing kidney bean seeds are located differently within the amyloplast. PvSBE2, like other SBEs of other plants, was observed in the soluble fraction of amyloplast extracts, whereas PvSBE1 was located in the starch granule fraction.
PvSBE2 has 81 % identity and 94 % similarity to pea (Pisum sati um L.) SBEI [9] and shares approx. 70 % identity with other family A SBEs. Likewise, PvSBE1 shows 80 % identity and 94 % similarity to pea SBEII [9] and has 60-70 % identity with those of other family B members. The members of family A share approx. 50 % similarity to family B. SBEs belong to the α-amylase family whose members have the (β\α) ) barrel structure containing the active centre [42] . The high sequence similarity displayed by the SBEs is largely attributable to conservation within the (β\α) ) barrel regions. Therefore differences in the enzymic properties between individual SBEs would be determined by their N-terminal or C-terminal domain [40] . Indeed, analyses of chimaeric enzymes between maize BEI and BEII revealed that the N-terminal domain determines the size of oligosaccharide chain transferred and that the C-terminal domain has a role in substrate preference or maximum catalytic efficiency [40, 43] .
Despite the close sequence similarity between PvSBE2 and pea SBEI, the molecular masses of the mature proteins are quite different : that of PvSBE2 is 82 kDa and that of pea SBEI is 99.8 kDa [9] . When the sequence of PvSBE2 was analysed for a putative signal peptide with the TargetP [44, 45] and ChloroP [46] network programs, the protein was predicted to contain a plastid transit peptide with a processing site between Lys-47 and Ser-48. The predicted site is very close to that in pea SBEI. The region between Ser-48 and Lys-156 in the derived PvSBE2 primary sequence (Figure 2A ), which showed a high similarity (62 % identity and 82 % similarity) to the N-terminal region of pea SBEI, was not observed in the native PvSBE2. Because pea SBEI is found in both the soluble and granule fractions, whereas PvSBE2 was detected in only soluble fractions, these observations might account for the location of this enzyme within the amyloplast. PvSBE2 is found only in the soluble phase because it lacks the homologous pea SBEI N-terminal sequence that might be responsible for localization to the starch granule. Burton et al. [9] suggested that this N-terminal region of pea SBEI, which is predicted to be a flexible domain, might be important in interactions between enzymes or between enzymes and starch. More recently, a novel type of 152 kDa SBE has been isolated from wheat endosperm [35] . This unique SBE consisted of an N-terminal 74 kDa SBEI-like domain 1 lacking branching enzyme activity and a C-terminal 87 kDa catalytically active SBEI domain. In addition to its unusually large molecular size, it was associated with the granule. Because the wheat SBEI is located only in the soluble fraction of the endosperm [47] , domain 1 of this unique SBE might function to bind this enzyme to the granule.
In the pea embryo, SBEI and SBEII are found in both the soluble and granule fractions [24] . Despite the localization of these SBEs to the starch granule, it has been suggested that the bound SBEs were not active in starch biosynthesis but were simply trapped during synthesis of the starch granule [24] . Such a view is unlikely to apply to PvSBE1 because it is found only in the granule fractions ( Figure 5C ). This restricted localization of PvSBE1 within the starch granule accounts for an inability to detect PvSBE1 enzyme activity. The high affinity of rPvSBE1 for amylose would be one of the reasons for its occurrence in the granule fractions. From the relationships between the enzymic properties of rPvSBE1 and amylopectin structure mentioned below, we believe that PvSBE1 is active in starch formation.
rPvSBE2 is non-competitively activated by citrate (Figure 6 ), indicating that citrate has a significant influence on the catalytic activity but has no effect on its substrate affinity for amylose [20] . rPvSBE1 showed no effects by citrate. Citrate often stimulates the activities of plant starch synthases [31, 48, 49] . Although the biological significance is unclear, it was shown that potatoe granule-bound starch synthase I (GBSSI) and starch synthase II activities were stimulated approx. 10-fold and 2-fold respectively by 0.5 M citrate in the presence of a low concentration of amylopectin [48] . Edwards et al. speculated that the effect of citrate on GBSSI activity might be mimicking a high amylopectin concentration by altering the physical nature of amylopectin solutions [48] . Given that the stimulation by citrate resulted from the variation in phase of amylopectin, PvSBE2 could also prefer polyglucans with an altered physical nature, as does GBSSI or starch synthase. PvSBE2 occurring in soluble fractions might have a role in amylopectin synthesis synchronizing with soluble starch synthase, whereas PvSBE1 could serve in a different environment from PvSBE2. At present, we cannot precisely explain the physiological roles of PvSBE2 and PvSBE1 but both enzymes seem to have different roles for amylopectin synthesis because of differences in their enzymic properties, in gene expression patterns and in distribution in the amyloplast fractions.
Both rPvSBE2 and rPvSBE1 had a strong bias in transferring chains with lengths of dp 6 in itro (Figure 7) . Similarly to rPvSBE2, maize BEII [40, 41] also preferred to transfer chain lengths of dp 6 and dp 7. In contrast, rPvSBE1 has a high capability for transferring chains of dp 6 in comparison with maize BEI [40, 41] . Additionally, a chain length of dp 6 was also found in amylopectin from kidney bean seeds at each developmental stage (Figure 8 ) but not in amylopectin of maize and rice endosperms [36] . Moreover, during seed development the accumulation of p sbe1 transcript and PvSBE1 protein paralleled the amount of starch (Figures 4, 5 and 8) . These results not only suggest that PvSBE1 is active in the granule but also could provide us with a hypothesis that a portion of the ultimate chainlength distribution of kidney bean amylopectin reflects the enzymic properties of family B SBE or starch-granule form (PvSBE1) rather than family A SBE or soluble form (PvSBE2). Analysis of amylopectin in the rugosus (r) mutant of pea suggested that the family A SBE might have no specific role in the basic chain-length distribution of amylopectin [37] . The generation of genetic mutants without PvSBE1 and\or transgenic plants with a decreased level of PvSBE1 will address the relationships between SBEs and the chain-length distribution of amylopectin.
